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BOTANICAL BRIEFING

Populus: Arabidopsis for Forestry. Do We Need a Model Tree?
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Trees are used to produce a variety of wood-based products including timber, pulp and paper. More recently,
their use as a source of renewable energy has also been highlighted, as has their value for carbon mitigation
within the Kyoto Protocol. Relative to food crops, the domestication of trees has only just begun; the long
generation time and complex nature of juvenile and mature growth forms are contributory factors. To accelerate
domestication, and to understand further some of the unique processes that occur in woody plants such as
dormancy and secondary wood formation, a `model' tree is needed. Here it is argued that Populus is rapidly
becoming accepted as the `model' woody plant and that such a `model' tree is necessary to complement the
genetic resource being developed in arabidopsis. The genus Populus (poplars, cottonwoods and aspens) contains
approx. 30 species of woody plant, all found in the Northern hemisphere and exhibiting some of the fastest
growth rates observed in temperate trees. Populus is ful®lling the `model' role for a number of reasons. First,
and most important, is the very recent commitment to sequence the Populus genome, a project initiated in
February 2002. This will be the ®rst woody plant to be sequenced. Other reasons include the relatively small
genome size (450±550 Mbp) of Populus, the large number of molecular genetic maps and the ease of genetic
transformation. Populus may also be propagated vegetatively, making mapping populations immortal and facili-
tating the production of large amounts of clonal material for experimentation. Hybridization occurs routinely
and, in these respects, Populus has many similarities to arabidopsis. However, Populus also differs from
arabidopsis in many respects, including being dioecious, which makes sel®ng and back-cross manipulations
impossible. The long time-to-¯ower is also a limitation, whilst physiological and biochemical experiments are
more readily conducted in Populus compared with the small-statured arabidopsis. Recent advances in the
development of large expressed sequence tagged collections, microarray analysis and the free distribution of
mapping pedigrees for quantitative trait loci analysis secure Populus as the ideal subject for further exploitation
by a wide range of scientists including breeders, physiologists, biochemists and molecular biologists. In addition,
and in contrast to other model plants, the genus Populus also has genuine commercial value as a tree for timber,
plywood, pulp and paper. ã 2002 Annals of Botany Company

Key words: Review, Populus, poplar, model plant, genomics, QTL, arabidopsis, genome sequence.

INTRODUCTION

The need for sustainable products from plants has never
been greater. In many respects, this is driven by the move
away from oil-based economies that is likely to develop
during this century. Trees are unique amongst plants since
they have extreme longevity and are characterized by the
ability to generate woody biomass from secondary xylem
tissue formed from the vascular cambium. The genus
Populus makes an important contribution to meeting the
global need for paper, timber and other wood-based
products. The role of fast-growing trees, like Populus, in
carbon mitigation aligned to the Kyoto Protocol is also
being quanti®ed and may be considerable. Smith et al.
(2000) have shown that in Europe, of all options examined,
bioenergy crops show the greatest potential for carbon
mitigation. Bioenergy crop-production also shows an
inde®nite mitigation potential compared with other options
where the mitigation potential is ®nite (Tuskan and Walsh,
2001).

The necessity for model species of plants is well
recognized and, in this role, Arabidopsis thaliana has
gained a supreme acceptance amongst plant scientists. The

reasons for this are clear. It is a small plant with a small
genome, a rapid life cycle and some value in experimental
studies at the physiological and biochemical levels
(Goodman et al., 1995). It is easily transformed and has a
wide natural distribution. This natural genetic variation may
be exploited to produce crosses to follow segregation and, in
the creation of genetic maps, recombinant inbred lines
(RILs) and near isogeneic lines (NILs). The recent com-
pletion of sequencing of the entire physical genome (AGI,
2000) should be of major bene®t to many researchers.
Coupled with the large investment now committed to
genomics using large collections of ESTs (expressed
sequence tags) and knock-out mutations (Walbot, 1999),
the future of arabidopsis as a central resource for plant
science is ensured. Recently, it was suggested that more
than 7000 researchers are using arabidopsis as an experi-
mental system (Huala et al., 2001).

It has often been considered, however, that arabidopsis
cannot be a useful model for crop plants since the most
important of theseÐrice, wheat and maizeÐare mono-
cotyledonous, and because the physiology, biochemistry
and development of these species may not be adequately
studied in a dicotyledonous weed (Bennetzen et al., 1998).
This suggests that a full understanding of the biology of* Fax 00 44 (0)23 80594269, e-mail g.taylor@soton.ac.uk
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monocotyledonous crops is unlikely to be achieved using
arabidopsis. Thus, other systems for food plants are needed
and are being developed, as evidenced recently by the
sequencing of the genome of rice (Yu et al., 2002).

Whether arabidopsis can act as the model for a tree can
also be questioned. Trees differ fundamentally from other
plant species in that they are adapted to survive on a long
time-scale. The most obvious manifestation of this is the
development of wood, or secondary xylem, from the
vascular cambium. This secondary meristem is essential
for tree growth and development and in providing support
for a tall structure. It is dif®cult to imagine that the
formation of secondary xylem can ever be studied in
anything other than a true tree. Surprisingly, however,
arabidopsis has proved useful in this role: many xylem-
forming genes from arabidopsis have been shown to be
present in wood-forming tissues of pine (Allona et al.,
1998).

In addition to secondary xylem, trees also exhibit
complex patterns of activity and dormancy and the control
of, for example, bud-burst must involve a complex of
interactions between environmental signals (including day-
length and temperature) and plant signal transduction
pathways. It is hard to imagine that arabidopsis could be
adequate for the study of such processes in their entirety,
since control may not be at the level of gene expression.
Similarly, the age at which plants ¯ower varies in woody
species, occurring approx. 1 (Salix), 6 (Populus) and 60
(Quercus) years after germination. Despite this, many of the
genes that control ¯owering in arabidopsis are probably
present in trees, and recent reports suggest that some may be
used to promote ¯owering in transgenic Populus (Weigel
and Nilsson, 1995), a result of considerable value to
breeding and improvement of long-lived trees that are
slow to ¯ower. There is little doubt, then, that arabidopsis is
an important model for trees, but it is also apparent that true
woody systems are necessary to investigate some `unique'
tree processes.

Here it is proposed that the woody genus Populus
(poplars, aspens and cottonwoods) has already proved
valuable as a model and that recent developments in
functional genomics and molecular genetics and biology
will accelerate this position. The recent commitment in the
USA to sequence the Populus genome can only further
strengthen the role of Populus as the model tree.

THE NATURAL GENETIC VARIATION
ACROSS THE POPULUS GENUS

Natural genetic variation is a vital tool for future under-
standing and exploitation in biological systems. Arabidopsis
has a very wide global distribution, which has been used to
great effect in developing recombinant inbred lines, such as
those of Lister and Dean (1993) and Alonso-Blanco and
Koornneef (2000).

Genetic variation within the Populus genome is also
considerable. This genus contains between 22 and 75
species, depending on which taxonomic classi®cation is
considered (Eckenwalder, 1996), although it is reasonable
to assume approx. 30 species, with some broad agreement

that clear morphological characteristics are present. It is
accepted that the genus can be split into ®ve sections and a
summary of their distribution, main characteristics and
species is given in Table 1.

Genetic variation and genetic relatedness have been
studied at the molecular level in only a limited number of
Populus species, but an excellent example is an on-going
study of P. nigra, the native European poplar, where plants
from across widely differing European climates have been
collected and grown in several European countries.
Molecular genetic analysis has been employed to determine
genetic diversity and to assess the contribution of clonal and
sexual reproduction to populations of P. nigra as well as the
likely threats to native plants in the future. The utilization of
genetic variation in arabidopsis has focused on developing
RILS, NILs and in using ecotypes. In trees, there are no
RILs, largely because of the time-to-¯ower limitation, but
also because many breeding systems are dif®cult in woody
plants and `back-crossing' and `near isogenic lines' (lines
that have been repeatedly back-crossed to isolate a trait of
interest) are impossible to generate. However, of the many
woody systems of interest, Populus is perhaps most
tractable for several reasons. First, it hybridizes readily
(Stettler et al., 1996), and even across sections crosses are
possible with the minimum of intervention; for example,
using embryo rescue (Stanton and Villar, 1996). Once an F1

is produced, it can be immortal, as are other progeny,
because Populus is readily propagated from both hardwood
and softwood cuttings (Bradshaw, 1996). Nevertheless, this
does not overcome the limitations imposed by the absence
of true RILs. A very new approach to this problem utilizes
the concept of linkage disequilibrium mapping, where
divergent genotypes may be utilized to identify putative
molecular markers for traits.

THE GENOME OF POPLAR

In many tree species the genome is large and complex,
making any type of genetic characterization or manipulation
more dif®cult than that in arabidopsis or even in
monocotyledonous crop plants. Table 2 illustrates this
point for eucalyptus and pines. The Pinus (pine) genome
in particular is complex and unwieldy. Interestingly,
however, the genome size of Populus is small, relative to
that of other trees. Work on poplar genetic maps has
con®rmed the presence of 19 linkage groups (Bradshaw
et al., 1994; Cervera et al., 2001) with similar genetic-
physical map distances to that of arabidopsis (Bradshaw
et al., 2000).

GENETIC MAPS IN POPLAR

The advent of DNA-based markers enabled rapid develop-
ment of genetic maps in species such as arabidopsis (http://
nasc.nott.ac.uk/RI_data/how_to_map.html), and these have
provided a valuable resource for map-based cloning of very
many useful traits (Gibson and Somerville, 1993). With
considerable foresight, the ®rst molecular genetic linkage
map of Populus was developed by Bradshaw (1996) from an
original cross made in the 1970s at the University of
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Washington, USA. This cross led to the development of
family 331, a reasonably large F2 progeny, and a molecular
genetic map that now has several hundred molecular
markers (Bradshaw et al., 1994). The maternal parent,
P. trichocarpa, clone 93±968 of the native black cotton-
wood from western Washington state, was hybridized with
the male clone ILL-129 of the eastern cottonwood
P. deltoides from Illinois. Two siblings of the resulting
family 53 were crossed in 1988 to produce family 331. This
genetic resource is similar to the RILs for arabidopsis
developed by Lister and Dean (1993) and has provided a

framework for numerous studies since its original develop-
ment. It has been used to map quantitative trait loci (QTL)
for a number of traits of importance to yield and disease
resistance, some of which are shown in Fig. 1, whilst the
diversity in leaf morphology in the parents is illustrated in
Fig. 2. Mapped QTL include stem growth, leaf morphology
and branch traits such as sylleptic production. Leaf cell
traits have also been mapped recently as QTL in this
pedigree (Taylor et al., 2001b), as have stomatal traits,
including a QTL for stomatal index, a quanti®cation of
stomatal initiation (Ferris et al., 2002). The value of this

TABLE 1. Main species of Populus (poplars, cottonwoods and aspen) and their occurrence globally

Section Leaf characteristics Distribution Major species

Leuce (Populus)
White and grey
poplar and aspens

Large, three lobed
or palmate leaves.
Dense white hairs

North and Central Europe P. alba (white poplar)

Europe, Western Asia, North Africa P. tremula (aspen)
North America P. tremuloides (quaking aspen)

Aigeiros
Black poplars and
cottonwoods

Large, deltoid,
cordate

Eastern North America P. deltoides (eastern cottonwood)

Western USA P. fremontii
Europe to central Asia P. nigra (black poplar)
North America (east of Rocky mountains
from Saskatchewan to New Mexico;
west to Texas).

P. sargentii

USA (west Texas, New Mexico) P. wisilizeni

Tacamahaca
Balsam poplars

Small±large ovate-
lanceolate.
Underside silvery-
brownish. Without
translucent margins

USA (Montana and south Dakota to
New Mexico and Arizona)

P. acuminata

Western USA (east of Rocky mountains) P. angustiolia
North-eastern USA P. balsamifera
North-western Chile to Manchuria and Korea P. cathayana
Himalayas P. ciliata
Korea P. koreana
Siberia P. laurifolia
North-eastern Asia, Japan P. maximowiczii
North-western China P. purdomii
North and west central China P. simonii
East Turkey, Siberia to Russia, Far East P suaveolens
Western China P. szechuanica
Alaska and British Columbia to California.
Rocky mountain plains (Idaho to Montana)

P. trichocarpa

Central Asia P. tristis
South-west China P. yunnanensis

Leucoides Very large, cordate,
underside violet
when young

Eastern USA P. heterophylla

Central and Western China P. lasiocarpa (Chinese necklace
poplar)

China P. violascens
Central and Western China P. wilsonii

Turanga Lanceolate-linear Central Asia to North Africa P. euphratica

Approx. 30 species make up the Populus genus with a Northern hemisphere distribution. Modi®ed from Eckenwalder (1996).
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original molecular genetic resource cannot be underesti-
mated, since on publication, few such maps were available
for woody species. In future, these parents will be utilized
on microarrays, where identi®cation of candidate genes and
their map position should be rapid. Several other molecular
genetic maps of Populus have been developed, mostly with
F1 progeny using the pseudo test-cross strategy described by
Grattapaglia and Sederoff (1994). This includes a Belgian
cross between P. trichocarpa, P. nigra and P. deltoides
(Cervera et al., 2001) and a French cross using P. nigra and
P. deltoides (reported by Cervera et al., 1997). A new map
for P. deltoides was also reported recently by Wu et al.
(2000b), based entirely on AFLP markers.

Together these maps form a powerful resource for two
reasons. First, they will be `anchored' in future, enriching
the markers available for mapping traits in a generic
Populus map. Markers may then be linked to traits for yield
and disease resistance and used in a programme of advanced

tree selection, improvement and breeding. In this instance
the gene behind a QTL may be of little signi®cance since the
value of the study is in developing a marker that can predict
yield quality or quantity. This has yet to become a reality in
forest tree breeding, although if any system offered great
potential it is that of forest trees. Populus is an excellent
model in which to test the idea of molecular breeding of
trees through marker assisted selection, since a number of
QTL for yield-related traits (Wu, 1998) appear to be fairly
robust in that they have co-located on the molecular genetic
map for plants grown in more than one geographical
location (Bradshaw, 1996). This is true for stem height (see
Fig. 1), which mapped to similar chromosomal locations for
material grown in the USA and UK (Taylor et al., 2001b).
Wu et al (2000a) believe that molecular tree breeding will
become a reality in the future.

The second use of molecular genetic maps is in
determining the link between QTL and the underlying
gene or genes. Map-based cloning may be relatively
straightforward in arabidopsis and even in other plants, for
example in determining a gene controlling sugar content in
tomato (Fridman et al., 2000). However, in the absence of
recombinant inbred lines and near isogenic lines, and with
the large map-distances and small progeny numbers that
exist in trees, this can be extremely dif®cult and more akin
to some of the problems faced in mammals (Nadeau and
Frankel, 2000). Despite this, considerable progress has been
made in some areas. One such area is in understanding the

F I G . 1. Summary schematic of molecular genetic map of Populus and the occurrence of some QTL for leaf morphological and wood-yield traits. The
genome is diploid and consists of 19 linkage groups, here labelled A±Y. The inset shows the candidate gene approach used to map candidate gene
PhyB2 on the Populus genetic map and co-locating for the QTL `date of bud-¯ush'. Other traits are for QTL located either in contrasting growing
environments of the UK and USA (LS, leaf size; VOL, stem volume) or for traits con®rmed through other analyses (Cell Area, leaf epidermal cell
area). Data modi®ed from Bradshaw et al. (1994), 1 Frewen et al. (2000), 2 Taylor et al. (2001b), 3 Wu (1998), 5 Bradshaw (1996) and 4 G.Taylor et al.

(pers. comm.).

TABLE 2. The genome size of Populus relative to that of
other tree species and the model plant Arabidopsis thaliana

Species Genome size (Mbp)

Arabidopsis 100±150
Pinus 20 000
Populus/Salix 450±550
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genetic basis of resistance to the rust Melampsora spp. that
is critical for the commercial development of Populus
plantations. Here, a quantitative genetic study of resistance
to the US species M. medusae f. sp. deltoidae has identi®ed
a locus, Mmd1, that plays a major role in resistance to this
rust in the Paci®c Northwest. Mmd1 was mapped to linkage
group Q, approx. 5 centimorgan (cM) from a restriction
fragment length polymorphism (RFLP) marker, P222
(Newcombe et al., 1996). Advanced research is also in
progress to clone the QTL of major importance in
determining resistance to the European M. larici-populina.
A genomic region involved in qualitative resistance has also
been tagged, with a random ampli®ed polymorphic DNA
(RAPD) marker OPM03/04_480, approx. 1 cM from the R
locus (Villar et al., 1996). Recently, further ®ne mapping for

the qualitative resistance locus (MER) was reported by
Zhang et al. (2001). Not only does Populus have probably
the most extensive range of molecular genetic maps, which
themselves will act as an important model in which to study
a variety of biological and tree-speci®c phenomena, but the
genus is also at the forefront for the development of tree
genomics. In bringing these two technologies together, there
is real hope that candidate genes can be identi®ed and
mapped more rapidly than was previously possible, making
`map-based' cloning in a tree species a reality. A candidate
gene approach in Populus was recently described by Frewen
et al. (2001), where the genes ABI3 and PhyB were mapped
in family 822 and found to co-locate with a QTL for bud-
burst and bud set (Fig. 1), suggesting that in the future such
candidate genes can be mapped and investigated.

F I G . 2. Contrasting parents of the mapping pedigree `family 331', where a cross between a female P. trichocarpa (A) and male P. deltoides (B) was
used to generate an F1 and then F2 pedigree. Black square = 1 cm2. Images of adaxial epidermal cells are also shown for both parents (C,
P. trichocarpa; D, P. deltoides). Bar = 100 mm. The table illustrates the contrasting morphophysiological characteristics that have been used to detect
a wide range of QTL in this pedigree. 1 Taylor et al. (2001a), 2 Ferris et al. (2002). Photographic image reproduced from Ferris et al. (2002), with

permission.
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THE ABILITY TO TRANSFORM POPLAR

Any model plant must be readily transformable, preferably
using a number of techniques, and to a high ef®ciency, not
overly sensitive to the speci®cs of protocol (Birch, 1997).
For arabidopsis, transformation has become a routine tool to
study the expression of a vast array of gene constructs that
may be identi®ed through both forward and reverse genetic
approaches. This is linked to the use of several reporter
genes including b-glucoronidase (GUS; Jefferson et al.,
1987) and the green ¯uorescent protein (GFP) from
Aquorea victoria (Haseloff et al., 1997). More recently, in
planta techniques of transformation that do not require
tissue regeneration, for example exposure to Agrobacterium
using vacuum ®ltration, have been developed for arabidop-
sis (Feldmann and Marks, 1987). The latest technique
involves `dipping' plants or shoot pieces into an appropriate
solution (Clough and Bent, 1998).

Populus was one of the ®rst woody systems to undergo
genetic transformation; this was noted as early as 1970 and
has been reviewed by Han et al. (1996). The key to this early
success was the ease with which in vitro cultures could be
generated. All of the routine methods of plant transform-
ation (Agrobacterium mediated, direct DNA transfer,
electroporation) have been tried and have proved successful
with Populus. The current emphasis, however, is on
Agrobacterium-mediated transformation and on improving
regeneration ef®ciency in commercially relevant genotypes.
Currently, there are at least three areas of interest that
dominate molecular transformation research in the genus
Populus. These are the control of ¯owering (Rottmann et al.,
2000), engineering of Bt and glyphosate resistance (Meilan
et al., 2000), and the manipulation in lignin quality and
quantity during wood formation. Using wood formation as
an example, it is easy to demonstrate the value of Populus as
a model (Mellerowicz et al., 2001). Understanding wood
formation and manipulating lignin content have a high
commercial value. Lignin formation is an essential part of
the development of xylem tissue in vascular plants.
Although poplar wood (which is lignin-rich) has many
uses, including timber, plywood and pallets, one major use
is in the pulp and paper industries, where lignin must be
removed in energy-demanding processes that currently
require considerable chemical input. Lignin bioengineering
would now seem a real possibility (Chen et al., 2001)
following the initial discovery that enzymes in the complex
lignin biosynthetic pathway, such as cinnamyl alcohol
dehydrogenase (CAD), could be down-regulated using
transformed Populus (Baucher et al., 1996). Recent work
has shown that down-regulation of the lignin biosynthetic
pathway gene Pt4CL1 encoding 4-coumarate-coenzyme A
ligase using antisense technology in P. tremuloides resulted
in a 45 % reduction in lignin content, whilst the amount of
cellulase was increased by 15 %. Gene silencing has also
been used for lignin modi®cation in P. tremula 3 P. alba,
with the gene encoding caffeic acid O-methyltransferase
(COMT) silenced. This resulted in the production of trees
with a 17 % decrease in lignin and an associated improve-
ment in pulp yield (Jouanin et al., 2000). These examples
not only illustrate the value of Populus as a model for

genetic transformation, but also suggest that such trees
could provide an improved source of pulp which is less
dependent on chemical inputs.

EXPERIMENTAL MANIPULATIONS:
PHYSIOLOGY AND BIOCHEMISTRY

If a model plant is one in which experimental manipulation
and measurements can be easily performed, then Populus is
an ideal choice and, in many respects, is even preferable to
arabidopsis, which may be dif®cult to use in physiological
and biochemical studies given its small stature. For Populus,
considerable progress has been made in determining the
physiological basis of yield and relating yield characteristics
to speci®c genotypes. Yield in a tree crop does not involve
reproductive structures and so is often developmentally less
complex than that in many food-crops. Indeed, the follow-
ing analysis shows that many of the traits `selected' for high
yield in F1 hybrids of Populus are actually the opposite
[particularly for leaf size, branching and leaf are index
(LAI)], to those that have been bred into monocotyledonous
crops such as maize over the last hundred years or so
(Duvick, 2001). In Populus, there is particular emphasis on
the rapid growth of young trees for pulp and paper and also
for biomass. Yield, along with disease resistance, is a top
priority for future improvement and planting of this forest
tree. Ceulemans (1990) has quanti®ed yield traits for several
European and US genotypes at the cell, leaf and canopy
level. This information has been used to effect in developing
models to describe canopy development in Populus (Chen
et al., 1994). Complementary to this, models using a
photosynthesis and gas-exchange approach have also been
developed (Rauscher et al., 1990).

Following on from these and other studies, an `ideotype'
for high yield in Populus includes: (a) large leaves,
produced with fast leaf expansion rates (Ridge et al.,
1986); (b) rapid development and long duration of high LAI
(Ceulemans, 1990); (c) increased `branchiness' and, in
particular, the development of sylleptic branches (those
formed from current-year meristems in the axils of current-
year leaves; Ceulemans et al., 1992; Wu and Stettler, 1996);
(d) high leaf photosynthetic and respiration rates (Isebrands
et al., 1988); (e) highly branched rooting systems; (f)
stomata responsive to prevailing environmental conditions
(Braatne et al., 1992); (g) erectophile leaves and branches
(Dickmann et al, 1990; Wu, 1994).

Populus makes an excellent subject for any such study
since it is fast-growing (one of the fastest growing temperate
trees) and because the use of clonal material ensures that
experiments are repeatable and with small error. Many
physiological studies of Populus con®rm this, in contrast to
virtually all other tree species, where little selection has
taken place and where the use of seedlings can result in large
experimental errors and dif®culty in designing valid
experiments. Other physiological parameters that have
been characterized in Populus in relation to the environment
include response to nutrient and water stress (Chen et al.,
1997; Tschaplinski et al., 1998) and the responses of trees to
increased atmospheric CO2 (Ceulemans et al., 1997; Ferris
et al., 2001; Taylor et al., 2001a). Perhaps some of the best
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progress has been made in understanding plant response to
ozone pollution, where Populus has easily provided a
superior tree-model for developing and testing hypotheses
on both short-term acute and long-term chronic effects of
this stress. Using natural variation in response to ozone as a
tool to understand physiological mechanisms, Coleman et al.
(1995) were able to show that ozone tolerance was related to
the maintenance of high photosynthetic rates in recently
mature leaves and retention of lower leaves. Rapid
photosynthetic decline and accelerated senescence are also
important variables in the response of Populus to ozone
(Bredley and Pell, 1998). However, few effects on ozone
tolerance were found between wild-type and transformed
plants over-expressing glutathione synthetase, suggesting a
secondary role for glutathione in the ozone response
(Strohm et al., 1999). In contrast, more recent research on
Populus suggests a role for salicylic and jasmonic acid
signalling pathways, analogous to the hypersensitive
response observed following pathogen attack (Koch et al.,
2000).

MICROARRAY AND DEVELOPING GENOMIC
RESOURCES: A PHYSICAL MAP OF

POPLAR?

Populus is currently the best placed of all woody genera
with which to exploit the new technologies offered by
genomics and proteomics. This is largely the result of a
timely programme funded through collaboration between
Swedish scientists centred at the UmeaÊ Plant Science
Centre, University of UmeaÊ. In the initial phase of this
project, approx. 5000 ESTs were developed from a wood
cDNA library. This large-scale production of ESTs from
woody angiosperm tissue is unique and utilized an aspen
hybrid, P. tremula 3 P. tremuloides, to generate ESTs for
both cambial and developing xylem (Sterky et al., 1998).
These ®ndings are summarized in Fig. 3. This large-scale
gene discovery programme sets poplar apart from other
trees, and will be extended further in the near future (http://
www.pappel.fysbot.umu.se). A new `poplar chip' with
14 000 ESTs from both wood and leaf will offer the
opportunity to consider a range of biological questions in
trees. This will be complemented with poplar root EST
programmes in France and a poplar genomics initiative in
Canada. Although genomics is also being developed in
Pinus, at the moment the resource offered by Populus is
superior. The arabidopsis EST database (http//:www.
ncbi.nih.gov) has formed the core of plant genomics in the
USA and more recently in the UK (http://www.york.ac.uk/
res/garnet/garnet.htm). Widely diverging topics of interest
will now be studied in essentially the same way as that
outlined by Pesaresi et al. (2001) for photosynthetic genes,
where a genomic, microarray approach is coupled to the
generation of arabidopsis knock-out mutant screens and
then the identi®cation of proteins through mass spectro-
metry and bioinformatics. All this should be possible with
Populus within the next few years, linked to the discovery of
ESTs identi®ed as having a putative role in the trait of
interest and where several QTL are already available for that
trait in well-de®ned mapping progeny. This could provide

an ef®cient route for gene discovery in these dif®cult plants,
as demonstrated recently for rice ESTs.

Perhaps by far the most signi®cant initiative, though, is
that announced in February 2002, in the USA, where a
sequencing project has been initiated. The entire 550 Mbp
Populus genome is being sequenced by the Joint Genome
Institute, meaning that Populus will be the ®rst woody plant
whose genome will be known in detail. This sequence
information will allow a complete understanding of genetic
architecture in a tree relative to other crop plants being
sequenced. It should also revolutionize the speed with
which genes can be discovered and their role in regulating
processes unique to trees, such as wood formation and
dormancy, can be elucidated. It is further evidence that
Populus has fast become the model tree.

F I G . 3. Classi®cation of ESTs from the cambial region (A) and
developing xylem (B) libraries. Modi®ed from the BLASTX scores

> 100, modi®ed from Sterky et al. (1998).
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CONCLUSIONS

This brief report has demonstrated that there is a need for a
model tree to study the `unique' aspects of tree biology and
to elucidate detailed understanding of trees. In this role, the
value of Populus as a model is clear: it is fast growing, easy
to propagate, has considerable genetic variation, and
transformation and tree genomics programmes are up and
running. It is likely that rapid progress will be made in the
forthcoming years in linking the output from studies of
Populus genomics to that of arabidopsis, and in our
understanding of some of the dif®cult developmental and
stress responses of trees, in particular, wood formation,
signal transduction and the control of dormancy, season-
ality, juvenile vs. mature growth and ¯owering. Populus
scores well in a comparison of important features for model
plants (Table 3). Populus is unique in that it will not only act
as a model for all woody species, but is in itself a forest tree
of considerable commercial importance.
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